Highly purified axial filaments have been prepared from the spirochete Treponema zuelzerae, which possess a fine structure similar to the "beaded" form of bacterial flagella. The preparations consist largely of protein but also contain small amounts of hexose (less than 1%). The buoyant density of these filaments is 1.29 g/cm3. At pH 4.3, in the presence of 4 M urea and 10-3 M ethylenediaminetetraacetic acid, filament protein migrates as a single band in acrylamide gel electrophoresis. Filaments dissociate to subunits in acid, alkali, urea, guanidine or with heating, indicating that these subunits are not covalently bonded in the organized structure. This is consistent with amino acid analysis which reveals that, like bacterial flagella, the filaments are completely lacking in half-cystine. Sedimentation equilibrium measurements on dissociated axial filaments in 6 M guanidine show that the subunits are homogeneous with respect to molecular weight. A weight-average molecular weight of 37,000 4 1,600 daltons is obtained from these measurements. The amino acid composition of axial filaments is similar to that of various types of flagellin molecules, but the filament protein is somewhat richer in tyrosine, phenylalanine, and proline than flagellin. Tryptic peptide maps of axial filaments are consistent with the amino acid composition calculated for a molecular weight of 37,000 daltons. No amino terminal end group could be detected by the dansyl chloride method, suggesting that this end group might be blocked in the axial filament protein. The results obtained show that the axial filaments of T. zuelzerae are similar chemically to bacterial flagella and suggest that they are composed of aggregates of a single species of protein subunit.
Axial filaments are commonly believed to be the organelles of locomotion in spirochetes. The present basis for this belief is largely their striking morphological resemblance to bacterial flagella, not only in the filament portion but also in the complex structures at the attached end (4, 9, 11) . (The chemical studies on flagella referred to throughout this paper concern the flagellar filament only. Similarly, our chemical studies are concerned only with the filament portion of the total spirochetal organelle. We will refer to the filament portions of these structures as flagella and axial filaments, respectively, as is common practice.) Axial filaments differ from bacterial flagella, however, in that they are not extracellular but are located between the inner and outer cell envelopes (11) . Problems in obtaining large amounts of spirochetes have made it difficult to purify the axial filaments with yields sufficient for chemical analysis. For this reason, knowledge of their chemical nature is restricted as compared to that for bacterial flagella. Nauman, Holt, and Cox (20) have purified leptospiral axial filaments. Their preparations are resolved into six protein bands in acrylamide gel electrophoresis in contrast to bacterial flagella, whose constituent subunits migrate as only one band under identical conditions (6, 16) .
In this laboratory the axial filaments of Treponema zuelzerae were purified, and gross analyses indicated that they contained protein and hexose in a weight ratio of 2:1 (S. C. Rittenberg, G. H. Corsini, and R. J. Martinez, p. 100-101, Int. Congr. Microbiol. 9th Abstr. Moscow, 1966) . These preparations were detectably contaminated with membranous material, however, rendering the analyses inconclusive. We, therefore, set out to obtain preparations of these filaments with a higher degree of purity and to characterize them chemically. The results of this study are reported here.
MATERIALS AND METHODS
Organism and growth media. T. zuelzerae was grown on a small scale in capped bottles as previously described (4) .
When larger quantities of cells were required, the organism was grown in 40 liter carboys, using 100 Preparation of highly purified axial filaments. Approximately 15 to 20 g wet weight of cells was stirred in 150 ml of distilled water saturated with n-butanol for 1 hr to disrupt the outer envelope (22) . The cell suspension was blended at maximum speed in a Sorvall Omnimixer for 1 min. Cell debris was removed by centrifuging at 6,000 x g for 10 min, and the supernatant fluid from this step was centrifuged at 100,000 x g for 3 hr, which sedimented the axial filaments along with other cellular material. The pellet was suspended in 50 ml of buffer (0.01 M phosphate, pH 7.0), using a vortex mixer, and more cell debris was removed by centrifuging at 5,000 x g for 10 min.
By using the method of Martinez for purifying bacterial flagella (15) , the crude filament preparation was placed on a column of microgranular diethylaminoethyl cellulose (DE 52, Whatman; equilibrated with buffer, bed volume 100 ml), and the column was washed with 300 ml of buffer. A linear gradient of 0 to 2 M NaCl in 1,000 ml of buffer was then passed through the column, collecting fractions of 15 ml. This procedure resulted in a 100-fold enrichment for axial filaments. The fractions eluting at approximately 0.15 M NaCI consisted almost entirely of axial filaments along with small amounts of unidentified cellular material, largely membranous in appearance. Large quantities of membranous material were eluted during the buffer wash, and much riboserich material (probably ribosomes) was eluted after the filaments. The filament fractions were pooled and treated for 24 hr with the detergent Nonidet P.40 (0.2% by volume; Shell Chemicals U. K. Ltd., London, England). The axial filaments were centrifuged down at 100,000 x g for 2 hr, and the pellet was suspended in 2.0 ml of buffer and dialyzed exhaustively for 24 hr against buffer to remove the remaining detergent. All the above steps were performed without delay in the presence of 10-3 M sodium azide at 4 C, to minimize the possibilities of bacterial growth and action of proteolytic enzymes.
Solutions of cesium chloride (optical grade) in buffer were prepared with the following densities: (i) 1.40 g/cm3; (ii) 1 .30 g/cm3; (iii) 1.25 g/cm3; (iv) 1.20 g/cm3. Axial filament suspensions, obtained as above, were included in solution (i). Layers of these solutions were set up in tubes for the SW 50 rotor of the Spinco ultracentrifuge as follows: (i) 1 ml; (ii) 1 ml; (iii) 2 ml; (iv) I ml. The tubes were centrifuged at 140,000 x g for 3 hr at 20 C. Filaments banded about one-third of the way up the tube as a gelatinous layer which was readily separable from other material. Little material was visible below the filament band, but a diffuse region of membranous material was obtained in the upper portion of the tube. The filaments were removed with a Pasteur pipette, dialyzed exhaustively against deionized water for 24 hr, lyophilized, and stored at -40 C.
The yield of axial filaments obtained from 15 to 20 g (wet weight) of cells usually ranged from 1 to 5 mg (dry weight). The series of treatments described did not affect the morphology of axial filaments as observed in the electron microscope. All experiments to be described were performed with the highly purified axial filaments thus obtained.
Acrylamide gel electrophoresis. Axial filaments were dissociated and run on acrylamide gels as described for flagella by Martinez, Brown, and Glazer (16) . In some acidic runs, EDTA (disodium salt) was additionally incorporated into the buffer and the dissociated sample in concentrations of up to 10-3 M.
Electron microscopy. Axial filaments, suspended in distilled water, were prepared for electron microscopy by negative contrast. A drop of sample was placed on a copper specimen support grid [coated with parlodion and carbon as previously described (4)] for 2 min. The grid was washed with one drop of distilled water, inverted, and placed on the surface of a drop of glutaraldehyde solution (1%, Fisher biological grade, Fisher Scientific Co., Pittsburgh, Pa.) for 10 min. The excess glutaraldehyde was removed with filter paper; the grid was washed with two drops of distilled water, and the specimen was stained by consecutively placing two drops of uranyl acetate solution (1% w/v in distilled water, filtered) on the grid, removing excess stain im-*mediately with filter paper each time. Specimens were examined in a Hitachi HU 1 A electron microscope (75 kv, 50 um objective aperture).
Protein and sugar estimations. The protein content of preparations was estimated by the method of Lowry et al. (12) . The hexose and pentose contents of preparations were estimated by the anthrone (23) and orcinol (18) methods, respectively. Bovine serum albumin, glucose, and ribose, respectively, were used as standards.
Dissociation of axial filaments. The dissociation of axial filaments into subunits by a variety of treatments was followed by monitoring changes in light scattering and by electron microscopy. Light scattering measurements were made by using a spectrofluorometer ("Foci" Mark 1, Farrand Optical Co., Inc.).
Sedimentation equilibrium studies. Sedimentation equilibrium studies were performed in 6 M guanidine plus 0.5% mercaptoethanol (v/v) on dissociated axial filaments by the method of Yphantis (27) , as used for flagella by Martinez, Brown, and Glazer (16) .
Amino acid analysis. Amino acid analyses were done in a Spinco amino acid analyzer by the methods of Spackman, Stein, and Moore (24) . Hydrolysis was carried out at 110 C in 6 N HCI in sealed evacuated tubes.
Tryptic peptide maps. Tryptic peptide maps were obtained by using a slight modification of the methods of Martinez, Brown, and Glazer (16 (19) , at 2,500 v for 1 hr. Some papers were developed with cadmium-ninhydrin reagent (3). On other papers, specific color tests were run for tryptophan by using Ehrlich's reagent, and for arginine by using the Sakaguchi reagent (7) .
End group analysis. Amino terminal end group analyses were made on filament suspensions in water or in 8 M urea by the dansyl chloride method (8) . The urea solution was passed through a column of mixed bed ion exchange resin immediately before use to remove any cyanate present. Axial filament protein precipitated after the dansylation reaction. The protein precipitate was collected by centrifuging at 1,000 x g for 5 min. It was washed twice with acetic acid solution (30% v/v in distilled water) and hydrolyzed (8) . Dansyl derivatives were separated and identified by thin-layer chromatography on polyamide sheets by the methods of Woods and Wang (26) .
RESULTS
Acrylamide gel electrophoresis. Axial filaments dissociated and run, at pH 12, are resolved into two bands which migrate very close together. The relative intensity of these bands varies from preparation to preparation.
Axial filaments dissociated and run in 0.037 M glycine-acetate buffer, at pH 4.3, in the presence of either 4 or 8 M urea, are resolved into two bands of approximately equal intensity migrating close together. If the sample is pretreated and run in the presence of increasing amounts of EDTA, the slower moving band decreases in intensity until, at 10-3 M EDTA, it disappears completely leaving only one band (Fig. 1) . All material placed on the gel enters it under either alkaline or acidic conditions. Electron microscopy. Axial filament preparations examined in the electron microscope by negative contrast consist entirely of filaments of varying lengths (Fig. 2) . In their fine structure (Fig. 2, 3 ), these filaments strongly resemble bacterial flagella of the "beaded" or "A" type (13, 14) . In some cases the filaments terminate in a hook-like appendage with a different fine structure from the rest of the filament (Fig. 2) . On occasion, filaments are observed which are somewhat thinner than most of the filaments in the preparation (Fig. 3) .
Gross analysis of axial filaments. The results of a gross analysis are shown in Table 1 . The axial filaments consist largely of protein but also contain detectable amounts of anthrone positive material (hexose), of the order of slightly less than 1% (by weight) based on the artificial standards. There is no detectable pentose.
Density. The axial filaments in cesium chloride banded at a buoyant density of 1.29 g/cm3, a value characteristic of proteins. The banding pattern did not differ detectably with a 3-or 24-hr centrifugation period. Axial filaments also dissociate to subunits ii the presence of 4, 6, and 8 M urea, of 6 M guanidine, and upon heating in distilled water. Dissociation in distilled water occurs at a detectable rate above 48 C, and this rate increases with temperature.
Attempts were made to reaggregate the subunits to filaments by methods previously described for flagella (1, 2) , but no reaggregation to either filaments or other structures could be detected with the electron microscope.
Homogeneity and molecular weight of axial filament subunits. Sedimentation equilibrium measurements on dissociated highly purified axial filaments at protein concentrations of 0.4, 0.6 and 0.8 mg/ml in 6 M guanidine (pH 8.3) yield linear plots of log C versus x2 (Fig. 4) , indicating that the material is homogeneous with respect to molecular weight. By using the partial specific volume, v = 0.732, calculated from amino acid analysis, a weight-average molecular weight of 37,000 ± 1,600 daltons is obtained. This Chang, personal communication), was obtained. DISCUSSION In this paper we describe a method for preparing axial filaments from T. zuelzerae free of membranous material. The fine structure of these filaments closely resembles that of the beaded form of bacterial flagella (14) , even in their differentiated hook-like ends. The electron microscopic, acrylamide gel, and sedimentation equilibrium data together indicate that these preparations are highly purified. In the electron microscope we occasionally observe thin filaments, but these are quite possibly an artifact caused by contraction of the stain, a feature commonly observed with negatively stained preparations of bacterial flagella (13) . The overall dimensions of normal and thin filaments, the low frequency with which thin filaments are observed, and the homogeneity of our axial filament preparations in acrylamide gel electrophoresis indicate that these thin structures are not equivalent to the inner core of leptospiral axial filaments (20) .
When purified axial filaments are dissociated and run in acrylamide gel electrophoresis in alkali, two bands migrating close together are obtained. The relative intensity of these bands varies from preparation to preparation, suggesting interconversion between one and the other. This could reflect either interchange between different states of aggregation of the subunits or partial deamination of protein. At axial filament subunit and the flagellin molecules referred to. The sedimentation equilibrium experiments show that in 6 M guanidine dissociated axial filaments are homogeneous with respect to molecular weight. These data suggest that axial filaments are probably composed of one species of subunit, but it is also possible that they are composed of two species of subunits, very similar in size and charge.
Our results differ from those of Nauman, Holt, and Cox (20) , who report six protein bands in acrylamide gel electrophoresis of leptospiral filaments. However, structural differences are observed in the electron microscope between the filaments of Leptospira and Treponema species (4) . It is conceivable that one component of leptospiral axial filaments is analogous to treponemal axial filaments. A chemical analysis of the separate components of leptospiral axial filament preparations would therefore be of great interest.
Gross analysis of our axial filament preparations reveals that they are composed almost entirely of protein, in contrast to the preliminary analyses of Rittenberg, Corsini, and Martinez (abstract quoted above). This is consistent with their buoyant density in cesium chloride, which is identical to that of bacterial flagella (R. J. Martinez, personal communication). Our filament preparations contain small amounts (less than 1%) of hexose. In this respect they resemble some purified preparations of bacterial flagella (1) . It is not known whether this sugar is contaminating material or a minor component.
The axial filaments of T. zuelzerae, like leptospiral axial filaments (20) and bacterial flagella (17) , dissociate into subunits in acid, alkali, urea, guanidine or with heating. These conditions of dissociation suggest that the subunits are not held together by covalent bonds. This is consistent with the fact that these axial filaments do not contain half-cystine. It is not clear whether the filaments dissociate completely to monomers under all these conditions or whether, under some of these conditions, they remain partly aggregated. As already mentioned, the last possibility may be occurring in some of our acrylamide gel runs.
Sedimentation equilibrium measurements on dissociated axial filaments run in the presence of 6 M guanidine yielded a weight-average molecular weight of 37,000 i 1,600 daltons for the subunits. This is very similar to the molecular weights of various flagellin molecules (10) .
The amino acid composition of axial filaments from T. zuelzerae shows an overall resemblance to that of the flagellins of Proteus vulgaris, B. subtilis, and S. serpens, particularly in the absence of half-cystine and tryptophan (6, 16 Axial filaments are somewhat richer in tyrosine, phenylalanine, and proline than the above flagellin molecules. Not enough is yet known about the structure of axial filament subunits or the flagellin molecule to be able to establish the significance of the higher proline content of axial filaments.
Tryptic peptide maps of purified axial filaments yield the approximate number of peptides expected from the amino acid composition of the axial filament subunit molecule calculated for a molecular weight of 37,000 daltons, both with total peptides and peptides containing arginine. This confirms the molecular weight established by sedimentation equilibrium and strengthens the likelihood that axial filaments are composed of only one species of subunit. It is still possible that they are composed of two proteins which are almost identical in size and amino acid sequence but which differ in a few amino acid residues. Two such proteins have been found in a nonbacterial system, namely A-and B-tubulin, components of the outer fibers of sea urchin sperm flagella (25) . Likewise there is a brief report that B. pumilus synthesizes two clearly related but distinct flagellins (A. Sullivan, J. Bui, H. Suzuki, R. W. Smith and H. Koffler, Bacteriol. Proc., p. 30, 1969).
It was not possible to identify an amino terminal end group residue for axial filament protein by the highly sensitive dansyl chloride method, even though nonterminal lysine and tyrosine residues in the protein became labeled. Also, under identical conditions with similar amounts of protein, it was possible to identify the known amino terminal end group residue of one species of flagellin. There are three possible explanations for this result. One is that the amino terminal end group of axial filament protein was not accessible to dansyl chloride under the reaction conditions used. This seems unlikely since the reaction was sometimes carried out in the presence of 8 M urea, when one would expect the protein to be unfolded. A second explanation is that the amino terminal end group became labeled but that its dansyl derivative was destroyed upon acid hydrolysis. The most labile dansyl derivatives (apart from that of tryptophan, not present in this protein) are dansyl proline and dansyl serine. Under the conditions of hydrolysis used, one would expect detectable quantities of both these derivatives to remain (8) . The most likely explanation therefore seems to be the third one, that the alpha-amino group on the amino terminal residue of axial filament protein is blocked, possibly by N-acetylation. This is common among bacterial proteins (21) , although it has not so far been found with a flagellin molecule (10).
Thus, the axial filaments of T. zuelzerae are strikingly similar in their chemistry to bacterial flagella. This similarity adds to the evidence that axial filaments are organelles of locomotion. The chemical similarity does not constitute proof, however, of this interpretation. An attempt to obtain this proof by immunological studies is reported in a companion paper (5) .
